How and why the brain reversibly switches from a waking to a sleep state remain among the most intriguing questions in biology. We show that CyclinA (CycA) and Regulator of Cyclin A1 (Rca1), essential cell cycle factors, function in post-mitotic neurons to promote sleep in Drosophila melanogaster. Reducing the abundance of CycA in neurons delayed the wake-sleep transition, caused multiple arousals from sleep and reduced the homeostatic response to sleep deprivation. CycA is expressed in ~40-50 neurons in the adult brain, most of which are intermingled with circadian clock neurons, suggesting functional interactions among neurons controlling sleep and circadian behavior.
elav>Rca1-RNAi phenotype. For example, elav>Rca1-RNAi flies that showed no net change in daily sleep often failed to display behavior that is organized into prolonged intervals of rest and activity seen in the control flies (see examples of locomotor traces in Fig. 1A ).
Drosophila Rca1 is homologous to the mammalian early mitotic inhibitor (Emi1) (9, 10) , and plays a critical role in preventing premature cyclin degradation (8) . Cyclins regulate cell cycle progression through activation of specific Cyclin-Dependent Kinases (CDKs). The main target of Drosophila Rca1 regulation is Cyclin A (CycA) (7), so we tested whether depletion of CycA might affect sleep. Indeed, expression of CycA-RNAi in neurons (elavGal4 + UAS-CycA-RNAi, denoted "elav>CycA-RNAi") caused a decrease in the time animals spent sleeping ( Fig. 2A and F) without significantly affecting levels of activity per minute while awake (Fig. 2B) . This reduction was a consequence of decreased sleep bout duration (Fig. 2C) , whereas the number of sleep episodes was slightly increased (Fig. 2D ).
We noticed that the ectopic over-expression of Rca1 or CycA in neurons produced a small and rough eye phenotype. A similar eye phenotype is associated with a mutation in a negative regulator of CycA and was used in a modifier screen to identify new genes involved in cell cycle regulation (7) . We used this morphological readout of CycA levels to confirm that the UAS-Rca1-RNAi and UAS-CycA-RNAi lines were effective, by showing that they suppressed eye phenotypes associated with Rca1 or CycA over-expression, respectively (fig. S1A and S1B). Furthermore, UAS-Rca1-RNAi also suppressed the eye phenotypes resulting from CycA over-expression ( fig. S1C ), arguing that Rca1 can stabilize CycA protein in neurons.
Flies homozygous for CycA null alleles (CycA − ) do not survive and could not be examined. However, CycA − heterozygotes are viable and showed a decrease in total sleep amounts, a phenotype further enhanced by expression of CycA-RNAi in this background (Fig. 2E) , even in the absence of Dicer2 over-expression. We observed an additive effect between the heterozygous CycA − mutation and neuronal Rca1-RNAi as well (Fig. 2E) . The reduction in total sleep seen in these experiments may not fully reflect the influence of CycA/Rca1 in sleep control, as CycA protein was still detectable in the brains of all of our experimental genotypes.
As CycA is thought to be the main target of Rca1 regulation during the cell cycle, and our behavioral and genetic analyses indicated a similar relationship with respect to the effects of these genes on sleep, we focused our subsequent studies on CycA.
It took significantly longer for elav>CycA-RNAi flies to fall asleep after lights went off than it did for the controls (Fig. 3A) . This was not the case for all genes that were identified in our screen. This increased latency to sleep suggests that a mechanism regulating wake-sleep transition is disrupted in elav>CycA-RNAi flies. To examine if sleep can be homeostatically controlled in these animals, we examined their response to sleep deprivation. We mechanically stimulated the flies during the night and examined their sleep pattern during the subsequent morning, when "rebound" sleep is normally seen in wild-type flies that have been sleep-deprived the night before (1, 2). Although we saw some increase in rebound sleep in flies of all the genotypes tested, this response was reduced in elav>CycA-RNAi flies ( Fig. 3 B and C), suggesting a defective sleep homeostat. In accordance with the idea that sleep serves an essential function, neuronal depletion of CycA shortens lifespan (Fig. 3D) , presumably due to chronic sleep deprivation experienced by these animals. However, it is also possible that CycA contributes to lifespan through other functions in post-mitotic neurons.
Sleep is regulated in a circadian fashion, so we wondered whether some of the sleep defects we observed in elav>CycA-RNAi animals resulted from a disrupted circadian clock. Most elav>CycA-RNAi flies showed robust rhythms in constant darkness, with normal periods S4A and S4B ). The antibody that detected CycA in more cells was raised against the whole CycA protein, whereas the one that labeled fewer cells was raised against the CycA N-terminus. Both appear to be specific to CycA, because their staining was strongly reduced in embryos in which CycA-RNAi was driven by a strong, ubiquitous Gal4 driver ( fig. S5 ). The broader CycA expression pattern in the brain was supported by co-localization with CycAGal4-driven GFP, although GFP was detected in additional cells in all the clusters ( fig. S4A ). Overall, CycA protein was detected in ~40-50 neurons in the brain ( fig. S4C ).
In the adult fly brain, ~150 clock neurons are organized into six major clusters: three dorsal clusters (DN1, DN2 and DN3), a dorsal-lateral cluster (LNd) and two groups of ventrallateral neurons -small (s-LNv) and large (l-LNv). The latter two include neurons that produce the neuropeptide PDF (Pigment Dispersing Factor), a major regulator of clock output (14) (Fig. 4A) . s-LNvs are the major pacemaker neurons (15, 16) , which also regulate sleep (17) . Co-staining of brains for CycA and PDF revealed that termini of PDF-producing s-LNvs project near the dorsal CycA neurons (Fig. 4B) . Indeed, as judged by PDFrGal4-driven GFP, which marks presumptive PDF receptor-producing neurons, these CycA cells appear to express the PDF receptor ( fig. S6A) , (18) . Such co-expression was found in all CycA neurons (examples shown in fig. S6A ), and suggests a molecular and neuronal connection between circadian and sleep systems. Co-expression with PDFr also provides an opportunity to knock down CycA levels in a more limited set of neurons than our panneuronal driver had afforded. PDFrGal4-driven CycARNAi resulted in a severe sleep reduction ( fig. S6B ).
To determine if dorsal CycA neurons are in fact DN1 circadian neurons, we asked whether they express per. A subset of the dorsal CycA-containing neurons expressed perGal4-driven GFP ( fig. S6C) . A similar partial overlap was seen in all other CycA clusters, with the exception of the pars intercerebralis ( fig. S6C ). As perGal4 was expressed in a smaller subset of CycA neurons than PDFrGal4, we used the former to knock down CycA in a more limited neuronal subpopulation. In these experiments, sleep was consistently lower than in control animals, although the extent of sleep loss was less extreme than with pan-neuronal CycA knockdown ( fig. S6D) . Interestingly, CycA-containing dorsal neurons that expressed perGal4 were never stained by an antibody to PER, and thus do not detectably express PER protein. Therefore, dorsal CycA neurons are closely associated with the DN1 cluster (Fig.  4) , but do not appear to be clock neurons themselves. A similar relationship exists between CycA-expressing and DN3 or LNv neurons ( fig. S7 ). In contrast, we occasionally found CycA and PER proteins in the same cell within a subset of dorsal lateral neurons (LNds), a group of clock neurons that regulate the evening peak of activity (Fig. 4) (15, 16) . Finally, a bilaterally symmetric pair of large ventral neurons expressed both CycA and PER proteins (Fig. 4) . These ventral neurons do not belong to any known clock neuronal clusters. In summary, CycA-containing neurons are often intermingled with circadian pacemaker neurons. As CycA neurons appear to express the receptor for the circadian neuropeptide PDF, such an arrangement suggests that signals produced by neurons regulating circadian rhythmicity may be directed to neurons which control sleep.
There are other known instances of the repurposing of cell cycle machinery in neurons. Examples include the recent observations that two Cyclin-dependent kinase pathways are essential for proper axonal targeting of presynaptic components in C. elegans (19) , and that Cyclin E regulates synaptic plasticity and memory formation in mice (20) . We observed no obvious defects in the gross morphology or number of CycA-containing neurons in elav>CycA-RNAi flies, and have not detected any obvious rhythmic patterns of CycA protein expression. Nevertheless, such features might become evident in studies focused on specific cells or specific subcellular regions, or in developing or aging flies. Future understanding of the role CycA plays in determining the structure or activity of neurons specialized for the regulation of sleep seems likely to shed light on the molecular mechanisms underlying this enigmatic behavior. As the role of CycA in cell cycle regulation is conserved throughout metazoans we can speculate that its role in sleep regulation might be conserved as well.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Reduced lifespan in elav>CycA-RNAi (n=113) animals compared to controls [elavGal4 (n=102), UAS-CycA-RNAi (n=100)]. Statistical analysis of sleep was performed using Oneway ANOVAs with Tukey post-test, and statistical analysis of longevity was performed using Log-rank tests. In all experiments described in this figure, elavGal4 drives the expression of UAS-Dicer2. 
